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PREFACE 


IMS  report  is  a  result  of  RAND's  coitlnulng  study  in  coomunlcatlons 
cmd  propagation.  It  is  prompted  the  need  to  develop  new  and  efficient 
modulation  techniques  which  will  make  better  use  of  existing  equipment 
and  available  bandwidth.  This  report  reveals  a  new  'type  of  frequency 
modulation  (FM)  that  re'tains  many  of  the  advantages  of  existing  FM  while 
reducing  the  bandwidth  needed.  A  patent  disclosure  is  con-templated.  The 
report  should  be  of  interest  to  agencies  and  contractors  concerned  with 
the  design  and  application  of  FM  in  communications  systems. 
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simwjf 

This  report  offers  a  rather  general  and  mathematically  convenient 
formulation  of  analog-modulated  signals  \dilch  makes  use  of  the  analytic 
signal  concept.  Khovn  types  of  modulation  aure  readily  Identified  as 
special  cases.  As  a  result  of  exsmlnlng  the  various  cases  vhlch  the 
model  embraces,  a  new  type  of  modulation  has  been  discovered- -single 
sideband  frequent  modulation  (SSB  FN)— vhlch  can  be  derived  from  a  con¬ 
ventional  phase-modulated  signal  hy  an  additional  amplitude  modulation, 
using  the  exponential  function  of  the  modulating  signal's  Hilbert  trans¬ 
form.  The  resulting  modulated  signal  will  have  a  one-sided  spectm 
about  the  carrier  frequency,  will  be  compatible  with  existing  IM  receivers, 
and  will  cause  a  decrease  In  signal  bandwidth. 
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I.  mraoDucTiow 


Recent  studies  of  con^tible  single  sideband  (SSB)  modulation  systems 
have  stimulated  Interest  in  the  theoretical  aspects  of  simultaneous  angtll- 
tude  and  phase  modulation.  niese  studies  are  notable  for  at  least 

tvo  reasons  which  are  not  connected  with  the  specific  application.  Firsts 
they  underscore  the  fact  that  although  amplitude  and  phase  modulation  are 
distinct  techniques,  they  have  an  intimate  connection.  Second,  theoretical 
studies  invariably  Introduce  the  Hilbert  transfozm^^'^^  sooner  or  later 
and  become,  in  fact,  applications  of  the  "analytic  signal. 

Other  studies  dealing  with  various  types  of  signal  and  noise  wave- 
forms  further  attest  to  the  grwlng  utility  of  the  analytic  signal 

representation  as  a  theoretical  device.  This  paper  considers  the  applica¬ 
tion  of  the  analytic  signal  to  Bsghdady's  representation  of  analog  laodula- 
tlon^  ^  in  o3rder  to  obtain  a  more  general,  fozmilatlon  which  embraces 
known  types  of  analog  modulation  and  in  which  signals  having  one-sided 
spectra  are  liiq>liclt. 

This  list  of  references  is  ty  no  means  cooqdete.  The  first  three 
cure  merely  the  most  recent  idilch  have  come  to  the  author's  attention, 
lyanncy  (Bef.  4)  reviewed  the  previous  literature  giving  numerous  refer¬ 
ences  and  pointed  out  that  the  notion  of  simultaneous  asgtlitude  and  phase 
modulation  originated  with  Tetel'bavm  in  1937*  Additional  references  are 
given  tay  Kahn  (Bef.  3). 
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II.  THB  AMAUtTIC  SIOHAL 


Basically,  the  analytic  sl^pial  is  a  complex  function  of  a  real 
variable  vhose  real  and  ioaginaxy  parts  are  a  Hilbert  pair.  In  practice, 
the  actual  vanrefom  under  consideration  is  Identified  with  either  the 
real  or  the  imaglnaxy  part  of  the  analytic  signal;  the  analytic  signal 
is  then  sioply  substituted  for  the  actual  signal  for  the  purpose  of 
analysis. 

Frequently  the  result  is  a  more  convenient  and  ccaqpaet  notation 
which  can  be  used  in  convolution  Integrals  or  in  conjunction  with  transfer 
functions  in  the  sans  fashion  as  the  real  signal  and  which,  in  addition, 
has  several  interesting  and  useful  properties: 

1)  The  Fourier  transform  of  the  analytic  signal  vanishes  for 
negative  frequencies  (also,  the  real  and  iasglnaiy  parts  have 
Identical  power  spectra). 

2)  The  magnitude  of  the  analytic  signal  is  the  envelope  of  the 
actual  wavefora.  Though  defined  purely  aathsaat ically ,  the 
envelope  has  physical  significance  for  narrow-band  signals. 

3)  The  phase  of  the  analytic  signal  is  equal  to  the  phase  of  the 
actual  wavefom. 

It  is  clear  from  the  foregoing  that  the  analytic  signal  is  simply 
a  formalised  version  of  the  "rotating  vector"  or  "phasor"  that  is  fre- 
quently  used  in  circuit  analysis  and  studies  of  coammlcatlon  systems. 

The  theoretical  Justification  of  this  representation  is  gratifying  because 
it  brings  to  light  some  of  the  otherwise  unsuspected  properties  listed 
above  as  veil  as  eliminating  the  need  for  its  intuitive  introduction. 
Details  of  these  properties  are  given  in  Refs.  7-12,  1^,  and  l6. 


» 

The  date  at  which  the  rotating  vector  was  introduced  is  difficult  to 
determine  precisely.  Msojr  of  the  modem  concepts  associated  with  analysis 
of  FM  and  SSB  systems  am  given  ty  Wheeler  (Ref.  l4). 


III.  THE  MODUIATED  SIGIWL 


While  the  actual  processes  employed  in  generating  an  analog-modulated 
signal  may  differ  considerably  for  various  types  of  modulation,  the  re¬ 
sulting  signal  appears  representable  as  the  product  of  tvo  time  functions, 
viz., 

s(t)  =  c(t)  m(f(t))  (1) 

vhere  c  is  a  function  representing  the  carrier  and  m  is  the  modulation 
functional  representing  an  operation  on  the  modulating  signal  f .  Hie 
form  of  Eq.  (l)  has  the  advantage  of  mathematically  disassociating  the 
operation  of  providing  a  carrier  from  that  of  characterizing  the  actual 
modulatiOT  technique. 

Tg!  CARRIER  FUHCTIQH 

The  purpose  of  the  carrier  function  in  Bq.  (1)  is  to  transfer  the 
intelligence  spectrum  to  a  frequency  region  which  is  more  suitable  for 
propagation.  Hie  effect  on  the  resulting  spectrum  is  seen  from  the  Fourier 
transform  of  the  product'  ''  in  Eq.  (1), 

S(^)  =  rc(u)M(i)-u)dn  (2) 

•»OD 

If  the  carrier  is  a  narrow-band  waveform  as  might  be  employed  for 
noise  modulation,  then  the  convolution  expressed  in  Eq.  (2)  results  in  a 
spreading  of  the  signal  band  as  well  as  its  translation  to  the  vicinity 
of  the  carrier  frequen<y.  If  the  carrier  is  a  pure  sinusoid,  then  a 
simple  frequency  translation  is  effected  and  Eq.  (2)  becomes 
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S(!ju)  =  I  I^MCuj-oUq)  +  M(,u+uJq)  I  (3) 

If  the  C6u:rier  is  written  as  am  analytic  signed  whose  spectrum, 
therefore,  exists  only  for  positive  frequencies,  then  the  frequency  trans¬ 
fer  is  only  toward  the  positive  frequencies  ais  illustrated  in  Figs,  la 
and  lb  for  >  0.  Whether  or  not  s(t)  is  in  turn  analytic  depends  on 
the  spectral  extent  of  both  c(t)  and  m(t),  the  test  being  whether  or  not 
S(mj)  vanishes  for  x  negative. 

THE  MODULATION  FUNCTION 

Usable  modulation  functions  must  be  limited,  of  course,  to  those 
which  yield  modulated  signals  amenable  to  subsequent  demodulation.  The 
techniques  currently  available  coherent  (amplitude)  detection  in 

which  a  replica  of  the  ceurrler  function  is  used  to  render  the  aaQ>litude 
of  the  modulation  function,  phase  or  frequency  detection  in  wh'ch  the 
oscillatory  character  of  a  narrow-band  modulated  signal  permits  an 
approximate  measurement  of  its  phase  or  frequency,  and  envelope  detection 
in  which  a  suitable  rectifying  and  filtering  network  cem  yield  an  approxi¬ 
mation  to  the  envelope  of  a  narrow-band  modulated  signal.  Dius,  the 
modulation  function  must  cause  the  modulating  signal  to  api>eeu:  (though  not 
necesseurlly  linearly)  in  either  the  amplitude,  phase/frequency,  or 
envelope  of  the  modulated  signal.  The  linear  and  exponential  functionals 
are  unique  in  their  ability  to  produce  Just  these  effects  and  are,  there¬ 
fore,  the  only  ones  considered  here. 

As  might  be  suspected,  the  linear  functional  corresponds  to  amplitude 
modulation.  The  exponential  functional,  however,  corresponds  not  only  to 
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* 

the  familiar  phase  modulation  hut  also  to  the  emergent  technique  of 
simultaneous  aaiplltude  and  phase  modulation  which  may  he  better  charac¬ 
terized  as  envelope  modulation,  ^e  latter  will  he  discussed  in  greater 
detail  in  a  subsequent  section. 

If  the  modulation  function  is  written  for  the  analytic  as  well  as 
the  purely  real  modulating  signals^  then  both  the  SSB  and  double  sideband 
(BSB)  forms  of  modulated  signal  appear.  The  SSB  form  results,  of  course, 
from  the  fact  that  an  analytic  function  m  of  an  analytic  function  f  is 
itself  analytic  and  therefore  has  a  spectrum  which  vanishes  for  negative 
frequencies.  Frequency  translation  by  the  carrier  function  then  results 
in  a  modulated  signed  which  has  only  an  upper  sideband.  A  one-sided 
spectrum  having  only  a  lower  sideband  can  be  generated  by  using  the  com¬ 
plex  conjugate  of  the  analytic  function  f ,  since  its  spectrum  vanishes 
for  positive  frequencies. 

No  generic  differentiation  need  be  made  between  phase  and  frequency 
modulation  since  they  differ  only  by  a  linear  operation  (differentiation 
or  integration)  on  the  modtdating  signal.  Frequency  modulation  can  be 
obtained  by  phase  modulating  with  the  Integral  of  the  modulating  signal 
and  conversely  using  differentiation. 
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IV.  HABMONIC-CARRIER  SYSTBC 

!nie  modulated  signals  resulting  from  the  foregoing  modulation 

functions  cure  best  Illustrated  hy  using  the  harmonic  analytic  ceirrler 
1(1)  t 

e  In  Eq.  (l).  Fbr  each  modulation  function  m(t)  a  complex  modulated 
signal  s(t)  results.  V/hen  analytic,  both  its  real  and  imaglnazy  parts 
are  valid  representations  of  the  actual  modulated  signal,  and  Its  mag¬ 
nitude  gives  the  envelope.  !nie  modulating  signal  Is  denoted  by  f(t)  and 

A 

Its  Hilbert  transform  by  f(t). 

LINEAR  (AMPLITUlg)  MODULATIOW 
Double  Sideband 

m(t)  »  f(t) 

s(t)  =  f(t)  cos  ou^t  +  1  f(t)  sin  to^jt  (4) 

|s(t)|  =  f(t)  ,  U)q  i 

Ihe  representation  of  a  conventional  amplitude-modulated  signal 

Is  Innedlately  apparent  In  Eq.  (^).  It  Is  analytic  for  w  >  u;  ,  where 

o  max 

(i)^„  Is  the  highest  ang\ilar  frequency  conqponent  In  f(t),  as  noted  both 

OBeX 

by  Oswald^^^  and  by  Wosencraft.^^^^  Coherent  detection  can  recover  f(t) 
exactly  for  all  uu^.  Theoretically,  the  signal  must  be  analytic  to  pezult 
envelope  detection;  practically.  It  must  also  be  narrow-band. 

« 

The  carrier  is  siq>pressed  In  this  representation,  but  the  distinction 
Is  trivial  since  It  Is  easily  Inserted  by  adding  a  constant  to  m(t)  in 
Eqs.  (V)  and  (5). 
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Single  Sideband 
ni(t) 
s(t) 

|8(t)| 


f(t)  +  1  f(t) 

l^f(t)  cos  (Upt  -  f(t)  sin  oj^tJ 

+  1  sin  u)^t  +  f(t)  cos  w^tj 

[f^(t)  +  >  0 


(5) 


That  tq,.  (^)  represents  a  SSB  aaiplitude-iiiodxilated  signal  is  easily 

shown  ty  noting  that  cos  at  and  sin  at  are  a  Bllbert  pair,  so  the  Fourier 

A 

series  representations  of  f(t)  and  f(t)  are 

OB  OB 

f(t)  “  X  °n  “  X  ®n 

“•<> 

ii«o 

Thus,  Bi.  (^)  can  be  written 

oa  m 

«(t)  •  ]_  %  ®°®[K  +  ^  ^n]  *  ^  °n 

n^o  nso 

where  the  slnple  translation  of  all  frequency  cooqponents  ty  an  amount 
Is  apparent.  The  representation  is  analytic  for  all  values  of  u)^  >  0 
and  only  coherent  detection  can  recover  f(t)  exactly. 
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fflCPOKEMTIAL  (PHASE)  MODULATIOW 
Double  Sideband 

m(t)  -  e^ 

8(t)  ■  C06  j^uj^t  +  f(t)J  +  i  Sin  +  f(t)J  (6) 

|8(t)|  ^  1  , 


me  conventional  representation  of  phase  modulation  Is  apparent  In 
Bq.  (6);  It  18  designated  as  DBS  to  eopbaslze  that  the  spectrum  Is  tvo- 
slded  about  ou^.  Even  If  the  modulating  signal  f(t)  Is  band-limited,  the 
escponential  operation  used  In  generating  m(t)  assures  that  It  will  have 
a  spectrum  of  Infinite  extent  In  both  positive  and  negative  directions. 

Shifting  the  center  frequency  to  cannot,  therefore,  produce  a  spectrum 

^11) 

containing  only  positive  frequencies  so,  as  noted  also  by  Dugundjl, ' 
the  reporesentation  Is  not  analytic.  In  a  practical  sense,  of  course,  it 
is  known  that  the  spectrum  falls  off  rapidly  beyond  some  frequency.  Thus, 
the  representation  can  be  taken  approximately  to  be  analytic  if  the  center 
frequency  is  high  coqpared  with  the  highest  significant  frequency  cosqponent 


Single  Sideband 

m(t)  = 
8(t)  » 

|s(t)|  = 


^i[f(t)  +  1  f(t)] 


A 

e’^^^^cosfoo  t  +  f(t) 

A  ^  ° 

a.„>0 


+  i  e 


•f(t) 


sinj^uj^t  +  f(t)'] 


(7) 
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The  modulated  signal  given  hy  (7)  appears  to  be  novel.  Since 
the  modulation  function  is  now  analytic;  It  contains  no  negative  fre¬ 
quencies  (thou£di  the  spectrum  still  extends  Infinitely  In  the  positive 
direction).  Thus,  s(t)  Is  analytic  for  all  valiies  of  uu^  >  0. 

ly  analogy  with  Bq.  (^);  the  modulated  sl^al  given  by  Eq.  (7) 
represents  a  SSB  version  of  phase  modulation  since  it  contains  no  fre¬ 
quency  coiig>onents  belov  tu^.  Ihe  lsq>li cation  is  that;  though  the  In¬ 
stantaneous  frequency 

“inst  *  ^  “  “o  * 

has  the  same  excursions  for  both  Bqs.  (6)  and  (7),  the  multiplicative 
4/t) 

factor  e~  ^  '  causes  the  lover  sideband  to  disappear  in  Eq.  (7).  To 
demonstrate  that  this  Is  Indeed  the  case  and;  also,  to  gain  Insight  as 
to  the  effect  on  the  upper  sideband,  consider  frequency  modulation  by 
the  single  sinusoid 

f(t)  a  n  cos  X'  t 

idiere  n  is  the  peak  frequency  deviation.  Ttie  phase  function  and  Its 
Hilbert  transfoxm  become 

f(t)  =  “  sin  (ju  t  ;  f(t)  »  -  -  cos  ou  t 

(U  (« 

where  c/cu  Is  the  deviation  ratio  or  modulation  Index. 

The  modulation  function  in  Eq.  (7)  becomes 

m(t)  .  ‘  ^'*>1  .  «cp[S  .‘“‘j  .  I;  ^  (2)“ 

k^o 


yielding  the  analytic  modulated  signal 


m(t)  eH^  »  ^  (g)^  e^K  ^ 

k«o 

lltae  actual  modulated  signal  may  be  taken  as  the  real  part  or 

e  ^^^^coe|^(u^t  +  f(t)J  “  ^  ^  cos(u)q  +  lm))t 

k>o 

# 

from  vhlch  the  one-sided  nature  of  the  spectrun  is  clear.  The  mean- 
square  value  of  the  anq^lltude  factor  is  Iq(^)  so  the  ratio  of  peak-to- 
average  power  over  the  modulation  cycle  becomes 


A  conventional  frequency-modulated  (FM)  signal  using  the  same  modulating 
signal  has  the  familiar  expansion 


cosj^oj^t  +  f(t)J  »  Y  coe(tu^  +  ku))t 

k»-® 


* 

It  would  be  difficult  to  find  a  more  striking  example  of  the 
matheaatlcsd  slqpllcily  afforded  by  the  use  of  the  analytic  signal  than 
that  demonstrated  by  the  development  leading  to  the  Fourier  series  ex¬ 
pansion  given  by  Bq.  (6).  The  conventional  approach  is  to  multiply  the 

A  • 

Fburler  series  ejqwnsion  e'‘^  '  «  ^  ^ 

na-c» 

cos[tu  t  +  f(t)]  given  by  Eq.  (9)  and  then  reduce  the  double  sumaatlon; 
needless  to  say,  the  procedure  is  quite  tedious. 
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nie  line  spectra  of  Eqs.  (6)  and  (9)  are  plotted  in  Fig.  2  for 
several  deviation  ratios.  The  component  msgnltudes  have  been  adjusted  so 
that  the  spectra  represent  signals  of  equal  average  power.  Generally 
speaking^  the  cancellation  of  the  lower  sideband  is  aceoopanled  by  an 
extension  of  the  upper  sldebemd.  Nevertheless,  the  "width"  of  the  one¬ 
sided  spectra  api)e8u:  reduced  by  roughly  one-third. 

The  one-sided  signal  can  be  generated  from  a  conventional  phase- 
modulated  signal  by  fozning  the  Hilbert  transform  (by  means,  say,  of  a 
s/2  phase  shifter)  and  amplitude  modulating  with  the  exponential;  limiting 
In  the  receiver  will  then  restore  the  lower  sideband  and  permit  the  use 
of  a  conventional  discriminator.  However,  the  new  threshold  behavior 
is  not  clear. 

BCPOMBHTIAL  (EWVELOPE)  MPPUIATIOW 
Double  Sideband 

m(t)  =  g(t)  -  Of  log  f(t),  f(t)  >  0 

s(t)  »  f"(t)  cos  tt)^t  ♦  1  f"(t)  sin  (o^t  (10) 

|s(t)|  m  f“(t), 

The  Intermediate  function  g(t)  Is  introduced  in  order  to  produce  the 
desired  modulated  effects  In  Eq.  (U).  The  difference  between  Bq.  (^)  and 
Bq.  (10)  Is  obviously  trivial  and  the  latter  has  been  Included  mainly  for 
coBopleteness;  they  are,  of  course.  Identical  for  or  .  i. 


Conventional  FM 

T 

T 
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Conventional  FM 


o^-a 

"o 

Wo+a 

SSB:  76  db 

^bve 

_aJ 

III. _ 

%-a  oJq  Wg+a 

b)  Modulation  index  =  3 


Conventionol  FM  t  . 

I  , 

.  .  I  1  1  1  . 

111. 

u 

It.. _ 

0*0 

•  1.  1  - 

cuo+a 

SSB;  8.9  db 

rove 

hr... _ 

wq-q  wq  (Kg+a 

c)  Modulation  index  -^  =  5 


Fig.  2 — Magnitudes  of  spectrai  components  for  conventional 
and  SSB  forms  of  FM  with  sinusoidal  modulation 


Ibe  SSB  vvrslon  given  by  Bi.  (11)  Is  related  to  B4.  (7)>  traa  which 
It  can  be  derived  by  conalderlng  the  logarlthn  of  the  oodulatlng  signal. 
The  reason  these  two  classes  of  exponential  Modulation  have  been  osde 
distinct  here  is  that  Bis.  (6)  and  (7)  contain  the  aodulating  signal  In 
the  phase  of  the  Modulated  signal,  while  Bis.  (10)  end  (11)  contain  the 
Modulating  signal  In  the  envelope;  hence,  the  designations. 

The  exponent  a  Is  inportant  because  of  the  relatlcmshlp  which  the 
choice  of  its  value  as  either  1  or  l/2  bears  on  the  question  of  ccapatlble 
SSB  Modulation.  Bowers considers  the  case  a  •  1/2  so  that  the  nxjdula* 
ting  signal  Is  contained  in  the  square  of  the  envelc^,  thus  requiring 
a  square-law  envelope  detector  for  distortionless  reproduction.  Since 
It  Is  this  case  which  produces  a  nodulated  signal  having  the  same  spectzed 
width  as  a  conventional  SSB  signal,  he  concludes  that  true  caqpatlblllty 
(l.e.,  a  system  usable  with  a  linear  envelope  detector)  Is  inposslble. 

lyannoy  '  reaches  the  same  conclusion  and.  Incidentally,  labels  the 
case  Optimal  Aniplitude  and  Phase  Modulation  (GAFM)  for  Square -Law  Detec¬ 
tion.  HS  also  considers  a  »  1  or  OAFN  for  Linear  Detectlcxi  and  points 
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out  that  this  modulated  signal  occupies  a  bandwidth  Just  twice  the  maximum 
modulating  frequency  and  that  It  is  cosipatlble  with  a  linear  envelope 
detector. 

Naturally^  there  would  be  no  advantage  to  a  coinpatlble  SSB  system 
which  has  the  sane  spectral  width  as  a  conventional  DGB  system,  but 
lyeuuioy  adds  that  the  bandwidth  can  be  halved  In  practice  by  suitable 
filtering  because  of  the  characteristics  of  speech.  This  derives  from 
the  fact  that  "a  real  signal  has  caBq;>onents  whose  modulation  depth  approaches 
100  per  cent  only  In  the  range  up  to  1^00  or  2000  c/s,  the  modulation  depth 
decreasing  rapidly  thereaLfter."  Hence,  removal  of  the  upper  half  of  the 
signal  spectrum  permits  the  large-modulation-index,  low-frequency  components 
to  be  received  without  distortion;  while  the  small-modulation-index,  high- 

frequency  cooqxMients  are  received  with  a  small  but  tolerable  distortion. 

(3) 

Kahn'  '  makea  virtually  Identical  observations  with  regard  to  his 
Compatible  SSB  (CSSB)  system,  but  It  is  outside  the  scope  of  this  sttsly  to 
make  a  cooparative  analysis.  It  is  apparent,  however,  that  the  two  systaasi 
have  a  close  fundamental  relationship. 
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V.  CCMICUEION 

It  has  been  shown  that  analog-modulated  signals  are  representable  In 
general  as  the  product  of  a  carrier  function  and  a  modulation  function. 
When  an  analytic  signal  Is  chosen  for  the  carrier,  Its  effect  spectrally 
becomes  one  of  translating  the  signal  spectrum  to  the  vicinity  of  the 
carrier  frequency.  The  process  Is  one  of  pure  translation  when  the 
carrier  is  harmonic,  exp(i:.^t),  or  one  of  translation  plus  spreading  when 
the  carrier  has  a  finite  spectral  extent  (l.e.,  when  noiselike). 

nut  useful  forma  of  the  modulation  function  are  the  linear  and  ex¬ 
ponential  functionals  from  which  three  classes  of  modulated  signals  can 
be  derived,  viz.,  amplitude,  phase,  and  envelope  modulation.  Within 
these  classes,  the  use  of  the  purely  real  or  analytic  signal  forms  of  the 
modulating  signal  leads  natvuraLjy  to  the  CSB  and  SSB  (i.e.,  two-sided 
and  one-sided)  spectral  forms,  respectively,  of  the  modulated  signal. 

The  existing  familiar  forms  of  modulation  are  readily  identified 
within  the  above  structure.  In  addition,  a  new  form  of  modulation  which 
may  be  called  SSB  FN  Is  revealed.  It  can  be  derived  from  a  conventional 
phase-modulated  signal  by  an  additional  amplitude  modulation  using  the 
eiqiooentlal  function  of  the  loodulatlng  signal's  Hilbert  transform.  Ihe 
resulting  nodulated  signal  will  have  a  one-sided  spectrum  about  the 
carrier  frequency  and  be  cosqpatlble  with  existing  FM  receivers.  The 
advantage  is  a  decrease  In  signal  bandwidth;  the  disadvantage,  the  loss 
of  a  constant  transmitter  output  level. 

From  a  practical  viewpoint,  this  form  of  FN  may  find  little  accept¬ 
ance  In  wlde-band  systems,  not  only  because  of  tbe  unfavorable  peak- to- 
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average  power  ratio  required  of  the  transmitter,  but  also  because  of  the 
lack  of  any  particular  pressure  to  conserve  the  radio  spectrum  at  present 
in  services,  such  as  broadcast  PM  or  specialized  military  and  civilian 
communication  systems. 

On  the  other  hand,  some  of  the  bands  assigned  to  public  use  are  quite 
crowded  and  users  are  therefore  disposed  toward  modulation  techniques 
which  make  more  efficient  use  of  the  available  spectrum.  A  contpatible 
narrow'band  SSB  PM  system  of  the  type  described  here  may  prove  useful  in 
such  applications  by  narrowing  the  signal  bandwidth  for  a  given  modulation 
index  without  sacrificing  the  "iiiQ)rovement"  or  the  iaminlty  to  impulse 
noise  associated  with  FM.  nie  peak>to-average  power  ratio  of  a  narrow- 
band  SSB  PM  signal  may  prove  an  acceptable  burden  in  that  case. 

Observation  of  the  conqpcurable  (i.e.,  SSB)  form  of  envelope  modulation 

coimaends  Powers'  suggestion  of  the  application  of  the  non-coiiq;)atible, 

square-lav  type  of  envelope  modulation  (n  -  l/2  In  Bq.  (9))  as  a  means  of 

(2) 

SSB  data  transmission.'  '  Conventional  SSB  is  adequate  for  speech  or 
music  because  of  the  well-known  tolerance  of  the  human  ear  for  phase  or 
even  frequency  errors  in  reproduction.  However,  data  waveforms  must  be 
reproduced  without  such  errors,  so  exact  carrier  re-insertion  is  required 
(a  procedxire  which  is  frequently  difficult).  IRie  fact  that  the  modulating 
signal  is  contained  in  the  envelope  of  Bq.  (9)  indicates  that  square-law 
envelope  detection  should  result  in  distortionless  reception,  thus  obvia¬ 
ting  carrier  re-insertion  without  sacrificing  spectral  econony. 
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